The plasma membrane H + -ATPase of fungi and plants is a single polypeptide of fewer than 1,000 residues that extrudes protons from the cell against a large electric and concentration gradient. The minimalist structure of this nanomachine is in stark contrast to that of the large multi-subunit F O F 1 ATPase of mitochondria, which is also a proton pump, but under physiological conditions runs in the reverse direction to act as an ATP synthase. and will highlight recent advances in our understanding of the function, regulation, and structure of this pump, so surprisingly different from other proton pumps that it caused eyebrows to rise (as the introductory quotes indicate). The history to be described is divided into several parts, the biophysical, the biochemical, and the molecular biology approaches. Here, only a brief account is given, which is focused and dedicated to the work and memory of Professor André
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| INTRODUCTION
It has been known since ancient times that yeast secretes acid during glucose fermentation without this phenomenon being connected with any essential process in yeast. This review recapitulates the discovery of the plasma membrane proton pump (H + -ATPase) and will highlight recent advances in our understanding of the function, regulation, and structure of this pump, so surprisingly different from other proton pumps that it caused eyebrows to rise (as the introductory quotes indicate). The history to be described is divided into several parts, the biophysical, the biochemical, and the molecular biology approaches. Here, only a brief account is given, which is focused and dedicated to the work and memory of Professor André
Goffeau. For a more detailed account of the early history, the reader is referred to Goffeau and Slayman (1981) . Subsequently, some mention will be made to the history of the corresponding enzyme in plants.
In the late 1960s, the chemiosmotic hypothesis of Peter Mitchell won acceptance and, with the words of Efraim Racker (1975) , "became a favorite tool in the design of experiments." Oxidative phosphorylation of ADP to generate ATP had been shown to be carried out by the F O F 1
ATPase, a large mitochondrial complex, which as an energy source utilizes a proton motive force that has two components: a proton gradient and a membrane potential. In the 1970s, it became increasingly clear that the plasma membrane of fungi and plants is equipped with a system running in the reverse direction, thus operating as an ATP-driven proton pump that generates a proton motive force.
| HISTORY OF THE PHYSIOLOGY OF FUNGAL PLASMA MEMBRANE H + -ATPases
The father of the plasma membrane H + -ATPase is Clifford L. Slayman who, using inserted microelectrodes, recognized that cells of the fungus Neurospora crassa have a substantial plasma membrane potential approximating a quarter of a volt. Inhibitors of ATP synthesis caused depolarization of the membrane, suggesting that formation of the membrane potential depended on ATP consumption (Slayman, 1965a (Slayman, , 1965b Slayman, Long, & Lu, 1973; Slayman, Lu, & Shane, 1970) . It was suggested that the membrane potential is sustained by ejection of protons coupled to the splitting of ATP. This membrane potential then serves as the main energy distributor for transport and-together with an inward chemical gradient for protons-drives the uptake of a variety of different substances (Slayman & Gradmann, 1975) . Protons were hypothesized to be the transported ion because hydrogen ions, almost alone among the common inorganic cations and anions, had a steep depolarizing effect: 30-40 mV for each unit decrease of pH (Slayman & Gradmann, 1975) . This hypothesis has now proven to be correct; however, at the time, it was not supported by any biochemical or molecular evidence. Prokaryotes have plasma membrane-localized F O F 1 ATPases. Therefore, even if the presence of a proton pump in the plasma membrane could be demonstrated, it needed not to be unrelated to the F O F 1 ATPase of mitochondria.
An important characteristic of the F O F 1 ATPase is that it is sensitive to the antibiotic oligomycin (Lardy, Johnson, & McMurray, 1958) ; in fact, the F O in F O F 1 received its name for being the oligomycinsensitive factor (Racker, 1963) . Already in 1967, it was reported that the plasma membrane of the yeast Saccharomyces cerevisiae contained an ATPase activity that was insensitive to oligomycin (Matile, Moor, & Mühlethaler, 1967) . In situ freeze-etching and subsequent negative staining by phosphotungstate of yeast cells revealed that the outer surface of the plasma membrane was covered with globular particles of about 150 Å in diameter. To purify plasma membranes, a microsomal membrane preparation was centrifuged through a linear density gradient of urografin, and a distinctive white band was isolated in which the membranes were sculptures with particles of the same size. It was thus concluded that this membrane fraction represented the plasma membrane. Matile et al. (1967) found that the most remarkable constituent of the plasma membrane was a polysaccharide identified as mannan, and the activity of the single enzyme they could detect, an ATPase. The
ATPase was dependent on Mg 2+ for activity but was completely insensitive to the mitochondrial ATPase inhibitor oligomycin. It was stated: The hypothesis that nutrient uptake systems were directly energized by ATP was prevalent at that time.
It had been suggested before that H + secretion and/or ATP was required for uptake of nutrients into fungal cells. Conway and O'Malley (1946) In these early studies, there was no suggestion that nutrient uptake could be a process indirectly fueled by metabolic energy, and there was no mentioning of an ATPase or a H + pump.
Foury and Goffeau (1975) observed a correlation between all three parameters: ATPase activity, extrusion of protons, and uptake of nutrients. They found that Dio-9, an F O F 1 ATPase inhibitor (Schatz, Penefsky, & Racker, 1967) , reduced intracellular ATP levels and instan- (Scarborough, 1975 ATP was hydrolyzed, a membrane potential, positive on the inside, was generated across the vesicle membrane (Scarborough, 1976 The same characteristics were soon thereafter reported for the plasma membrane ATPase of the yeasts S. pombe (Delhez, Dufour, Thines, & Goffeau, 1977) and S. cerevisiae (Serrano, 1978) . Delhez et al. (1977) separated microsomal membrane vesicles by centrifugation on a sucrose density gradient and obtained two peaks with ATP hydrolytic activity. Membrane vesicles in the fraction with the highest density were stained with osmium tetraoxide, which is indicative of mannose and thus polysaccharides, a characteristic of the outer surface of the plasma membrane. The ATPase in the plasma membraneenriched fraction had a pH optimum around pH 5.3, far more acidic than the pH optimum of 9 in the lighter fraction, which is characteristic of the F O F 1 ATPase (Delhez et al., 1977) . Serrano (1978) used a very similar purification strategy for isolating S. cerevisiae plasma membranes and tested their plasma membrane origin by postfixation in osmium tetroxide and staining with uranyl acetate and lead citrate. The plasma membrane fraction contained an ATPase activity with a pH optimum of 5.4 that was insensitive to oligomycin.
The work of Scarborough had established that there was an electrogenic ATPase at the plasma membrane of N. crassa, but the polypeptide(s) responsible for the process had not been identified. Characterization of the plasma membrane ATPase first required its purification in a catalytically active form. Using the mild detergent lysophosphatidylcholine, Dufour and Goffeau (1978) were able to solubilize the S. pombe plasma membrane fraction, and after subsequent centrifugation of the solubilized membrane proteins through a linear 10% to 30% (w/w) sucrose gradient, the ATPase activity became separated from the bulk of contaminating proteins, which were of lower sedimentation rate. The plasma membrane
ATPase peak fraction of the sucrose gradient was analyzed by SDS-poly- -stimulated sarcoplasmic reticulum ATPases. These enzymes were at that time called E 1 E 2 ATPases because during catalysis, they appeared to alternate between two major conformations, Enzyme 1 (E 1 ) and Enzyme 2 (E 2 ; Siegel & Albers, 1967) . The plasma membrane ATPase of S. cerevisiae could not be solubilized in an active form with lysophosphatidylcholine, but could be solubilized with a synthetic zwitterionic detergent and subsequently purified by centrifugation through a linear glycerol gradient (Malpartida & Serrano, 1980) . In the fraction with highest ATP hydrolytic activity, 85% of the protein corresponded to a 105,000-Mw polypeptide, thus confirming the single subunit composition of the plasma membrane ATPase. Subsequently, the N. crassa
ATPase was purified and shown to have similar characteristics as the S. pombe and S. cerevisiae enzymes (Bowman, Blasco, & Slayman, 1981 , there was a rapid turnover of the bound phosphate when unlabeled ATP was added, and dephosphorylation occurred after incubation with hydroxylamine, which is indicative that the phosphate linkage is a carboxylic acid anhydride linkage (Lipmann & Tuttle, 1945) . In addition, vanadate, an inhibitor of E 1 E 2 ATPase activity, blocked the phosphorylation of the 210,000-and 115,000-Da proteins.
Serrano and Malpartida (1979) carried out similar experiments with a plasma membrane fraction from S. cerevisiae and found a 100,000-Mw band to be radiolabeled by 32 P-ATP. Using N. crassa plasma membranes, Dame and Scarborough (1980) (Malpartida & Serrano, 1981a) . Dame and Scarborough (1980) , still using a plasma membrane preparation, used two independent methods to demonstrate that the ATPase of N. crassa plasma membranes is a proton pump. This was not a straightforward task as protons cannot be labeled and a demonstration of their transport across a membrane required that they could be measured on one side of a membrane or the other. What remained to be shown was whether the purified single polypeptide plasma membrane ATPase was sufficient for proton pumping.
In principle, many more polypeptides (subunits) or accessory proteins present in the plasma membrane preparation could be required for the process. This could be addressed by reconstituting the purified protein into artificial phospholipid bilayer vesicles and measuring ATP-dependent transport of protons into the vesicle lumen. Methods for reconstituting the F O F 1 ATPase had been developed by Efraim
Racker in the late 1970s (Racker, Violand, O'Neal, Alfonzo, & Telford, 1979) . Ramon Serrano had learned the technique during a postdoctoral stay in Racker's laboratory (Serrano, Kanner, & Racker, 1976) and reconstituted the purified plasma membrane ATPase of S. cerevisiae by a freeze-thaw sonication procedure (Malpartida & Serrano, 1981b (Malpartida & Serrano, 1981b) . In a subsequent publication (Malpartida & Serrano, 1981c) An important discovery that demonstrated that the plasma membrane H + -ATPase is under tight metabolic control came when it was shown that the enzyme is posttranslationally activated by glucose metabolism in a way that increases proton pumping tenfold (Serrano, 1983) .
| HISTORY OF THE MOLECULAR BIOLOGY OF FUNGAL PLASMA MEMBRANE H + -ATPases
The heroes entering the new era of molecular biology of plasma mem- (Addison, 1986; Hager et al., 1986) and S. pombe (Ghislain, Schlesser, & Goffeau, 1987) . A second gene, PMA2, was identified in S. cerevisiae (Schlesser, Ulaszewski, Ghislain, & Goffeau, 1988) and S. pombe (Ghislain & Goffeau, 1991 A significant finding was that the glucose activation of the S. cerevisiae enzyme involved a short stretch of 11 C-terminal residues that appeared to function as an autoinhibitor, which regulates the pump activity (Portillo, de Larrinoa, & Serrano, 1989) . Later, it was found that glucose activation involved phosphorylation of two residues in this regulatory C-terminal stretch (Lecchi et al., 2007;  Lecchi, Allen, Pardo, Mason, & Slayman, 2005) .
Soon, the importance of other residues for functioning of the yeast pump was investigated by site-directed mutagenesis (Serrano & Portillo, 1990 ). However, studying in detail loss-of-function mutants was a problem, as the yeast plasma membrane H + -ATPase is an essential enzyme and the cells would stop growing if the pump was not active (Serrano et al., 1986) . This problem was solved by designing expression systems in which the endogenous wild-type plasma membrane H + -ATPase was put under the control of an inducible promoter (Cid, Perona, & Serrano, 1987) or in which mutant H + -ATPases accumulated in secretory vesicles (Nakamoto, Rao, & Slayman, 1991) . However, a problem that still remained was that mutations of many conserved residues gave rise to misfolded or mistargeted mutant proteins (DeWitt, Santos, Allen, Nakamoto et al., 1998) , which complicated their analysis. For an in-depth review on the structure, function, and biogenesis of the yeast plasma membrane H + -ATPase, the reader is referred to Morsomme, Slayman, and Goffeau (2000) .
| A FOLLOW UP ON THE PLANT PLASMA MEMBRANE H + -ATPase
It was suggested already in the beginning of the 20th century that ion uptake in plants was an active process distinct from diffusion. For reviews on the early history of the study of ion transport in plants, the reader is referred to Higinbotham (1973a Higinbotham ( , 1973b , Poole (1978) ,
and Palmgren (1998) .
At about the same time as the chemiosmotic hypothesis for ATP synthesis in mitochondria was proposed by Mitchell (Mitchell, 1961) , Jack Dainty (1962) where it could be excluded that potential differences between the vacuole and its surroundings contributed to the recordings. As is evident from the conclusion, no mention is made about the possibility of a H + pump:
The possibility of a contribution to the plasmalemma potential from electrogenic pumps is briefly discussed …
This analysis shows that Na is actively transported from the cytoplasm into the medium as well as into the vacuole; K is pumped into the cytoplasm from the medium but appears to be close to electrochemical equilibrium across the tonoplast.
Inspired by the work of Slayman (1965a Slayman ( , 1965b , where the effect of external ions and metabolic inhibitors on the N. crassa membrane potential were studied, Kitasato (1968) A plant plasma membrane ATPase was first characterized by Hodges, Leonard, Bracker, and Keenan (1972) . As a marker for the plant plasma membrane, they used a stain consisting of periodic acid, chromic acid, and phosphotungstic acid and could separate them from other membranes by discontinuous sucrose-gradient centrifugation of homogenates from oat roots. An ATPase activity was found to copurify with the plasma membranes and was characterized (Hodges et al., 1972; Leonard & Hodges, 1973) . They found the ATPase to be stimulated by multiple cations and suggested (Leonard & Hodges, 1973 ) that this single ATPase could be involved in the direct uptake of several ions:
In Vara and Serrano (1982) purified plasma membranes from oat roots using the method of Leonard and Hodges (1973) , solubilized the ATPase from the plasma membranes, purified the activity, and found a concomitant enrichment of a polypeptide with an apparent molecular weight of 93,000. They then reconstituted the preparation into phospholipid vesicles using the freeze-thaw sonication procedure used for the yeast enzyme, and, using ACMA as a probe for proton accumulation into the vesicular lumen, characterized the ATPase as an electrogenic proton pump stimulated by monovalent cations.
In a parallel line of work, Leonard (1982a, 1982b) purified corn root plasma membranes and extracted them with deoxycholate to remove loosely attached polypeptides. In this preparation, they identified a polypeptide with an apparent molecular weight of 100,000 that formed a phosphorylated intermediate and was inhibited by vanadate as expected for a P-type ATPase. The group of Goffeau (Scalla, Amory, Rigaud, & Goffeau, 1983) confirmed the presence of a 110,000 Mr polypeptide in a microsomal membrane preparation from corn roots and found it to be stimulated by monovalent cations and inhibited by vanadate like the plasma membrane H + -ATPase of yeast. In a follow-up study, Vara and Serrano (1983) corrected the apparent molecular weight of their partially purified oat root ATPase to be 105,000 and could demonstrate that it also formed a phosphorylated intermediate.
A purer plasma membrane H + -ATPase preparation was obtained when lysophosphatidylcholine was used as a detergent to solubilize the oat root plasma membranes and when the ATPase was separated from contaminating proteins by glycerol density gradient centrifugation (Serrano, 1984 Proteolytic digestion of the oat root plasma membrane H + -ATPase situated in plasma membrane vesicles revealed that proton pumping was activated by an order of magnitude when a terminal fragment was released by trypsin or chymotrypsin (Palmgren, Larsson, & Sommarin, 1990) , and subsequent work revealed that the portion of the pump that had been removed by proteases derived from the C-terminus, which suggested that this part of the pump could serve as a regulatory autoinhibitory domain (Palmgren, Sommarin, Serrano, & Larsson, 1991) .
With the advent of techniques of molecular biology, sequences of plasma membrane H + -ATPase genes were cloned from Arabidopsis thaliana (Harper, Surowy, & Sussman, 1989 , Harper, Manney, DeWitt, Yoo, & Sussman, 1990 Pardo & Serrano, 1989) , Nicotiana plumbaginifolia (Boutry, Michelet, & Goffeau, 1989) , and Lycopersicum esculentum (Ewing, Wimmers, Meyer, Chetelat, & Bennett, 1990) . This Villalba, Palmgren, Berberián, Ferguson, & Serrano, 1992) . With these systems in hand, it was possible to carry out detailed structure-function analysis by mutagenesis of plant plasma membrane H + -ATPases. It has been used later on by the group of Goffeau to study thermophilic H + -ATPases from Archea (Morsomme et al., 2002) . Palmgren, 1999; Regenberg, Villalba, Lanfermeijer, & Palmgren, 1995) .
Mutant screening further identified residues in plant plasma membrane H + -ATPases that were outside of the C-terminal domain but when they became mutated also gave rise to an activated enzyme (Morsomme et al., 1996; Morsomme, Dambly, Maudoux, & Boutry, 1998) . These residues were scattered throughout the primary structure of the pump but were predicted in the 3D structure to form a possible intramolecular receptor for the C-terminal regulatory domain.
Another feature of the C-terminal domain of the plant pump that became apparent was that it interacted with activating 14-3-3 regulatory proteins (Jahn et al., 1997) , that the interaction between the H + -
ATPase and 14-3-3 protein produced a binding site for the fungal toxin fusicoccin (Baunsgaard et al., 1998; Piotrowski, Morsomme, Boutry, & Oecking, 1998) , and that binding of 14-3-3 protein to the for crystallographic studies. The final crystal structure calculated at 3.6 Å resolution was a major step forward (Pedersen, Buch-Pedersen, Morth, Palmgren, & Nissen, 2007) Chemistry, 266, 18276-18279. Jahn, T., Fuglsang, A. T., Olsson, A., Brüntrup, I. M., Collinge, D. B., Volkmann, … Larsson, C. (1997) . The 14-3-3 protein interacts directly with the C-terminal region of the plant plasma membrane H + -ATPase. 
